Power and energy requirements were measured with an instrumented tractor for rotary tilling in Serdang sandy clay loam soil. The effects of travel speed and rotor speed upon the measured data were investigated. Power model from orthogonal regression analysis was formulated based on linear and quadratic functions of travel speed and bite length. Fuel consumption model from regression analysis was formulated based on linear tractor PTO power as well as linear equivalent tractor PTO power. Fuel consumption rates predicted by ASAE D497.3 were found to be 25% to 28% overestimates of the values predicted by the model developed. However, fuel consumption rates reported by OECD Tractor Test were found to be 1% to 9% lower than the fuel consumption rates predicted by the model developed. A comparison of power and energy requirements for both powered and draught implements showed that the disk harrow was the most energy efficient implement in terms of fuel consumption and specific energy followed by the rotary tiller, disk plough and mouldboard. Finally, average PTO power, fuel consumption, wheel slip, wheel power and specific energy for a powered implement are presented.
INTRODUCTION
Malaysian demand for food has been increasing as evidenced by the increasing cost of the imported food. Agricultural production in Malaysia for two past decades has increased, since the implementation of agricultural mechanisation. The introduction of mechanisation in rice cultivation has replaced many highly labour intensive activities making double or triple cropping a reality. This intensive cropping system has enhanced yields. This level of mechanisation requires among other things fast and more timely cultivation.
Powered implements (i.e., rotary tillers) are increasingly used in rice cultivation. Powered implements prepare the seed bed totally different from draught implements. The soil is pulverised *Corresponding author-email: azmiy@eng.upm.edu.my by cutting and chopping action of rotary powered elements. The powered implements give high quality of soil cultivation and uniform incorporation of the soil with plant residues. As far as the quality of the seedbed is concerned, one pass of powered implement is equivalent to several draught implement operations. Charmen et al. 1 reported that a powered implement that include rigid chisel requires 50% less energy than a mouldboard plough operating at the same depth. Hendrick 2 developed a powered rotary chisel with a single rotor and compared the power requirements with that of a rigid chisel. Results show that the powered configuration required 15% less power. Hendrick assumed power transmission efficiency of 82% for a powered implement and 49% for a draught implement. Hoki et al. 3 tested a powered disk tiller and observed a reduction in total power requirements as well as reduction in draught requirement of about 10% and they are influenced by travel speed, PTO speed, tillage depth and soil conditions. Management decisions related to agriculture machinery can affect rice cultivation profit in many ways. Fuel consumption, labour and timeliness are pertinent factors that can contribute to tractor and implement productivity. Therefore, to improve productivity and efficiency it's necessary to have detail information on all aspect of tractor and implement in rice cultivation. The Department of Biological and Agricultural Engineering, University Putra Malaysia has made an initiative to design and develop a data acquisition system to complement built-in tractor instrumentation to provide comprehensive information on tractor and implement field performance. The long range goal is to extensive field testing with instrumented tractor on the aspects of power demand and energy requirements for various agricultural field operations in Malaysia for the development of a useable agricultural machinery management database.
The objective of this paper was to develop empirical models for power and fuel consumption models of a rotary tiller or a powered implement as well as determine power and energy requirements of this implement.
MATERIALS AND METHODS
Tillage experiments were carried out at the University's farm. The experiments were performed on three 1.05 ha plots for 1999 and 2000 year. These plots were planted to maize before the commencement of tillage studies. Most of the plots varied from nearly level to gently sloping. The area received an average annual precipitation of 207.3 cm. Soil from field was classified by mechanical analysis using pipette method. Soil samples were collected during tillage experiments to determine the average moisture contents. The sampled were weighed and oven dried at 110˚C for 48 hours. Moisture contents were calculated on a dry weight basis. Cone index values were obtained by taking penetrometer reading for 6 inches depth at one-inch instrument at twelve locations for each travel speed and rotor speed combination subplot. The cone penetrometer used was in accordance with ASAE Standard S313.2 4 with cone base of 323 mm 2 . Table 1 shows soil classification, and 95% confidence intervals of soil moisture content and cone index for the experiments.
Rotary tiller 36-1550 HOWARD HR39 was used in this experiment for evaluating power and energy requirements over different travel speeds and rotor speeds. This implement is representative The tractor was equipped with an on-board instrumentation system consisted of a factory installed Datatronic instrumentation system and a data acquisition system described by Kheiralla and Yahya 5 . Fuel consumption was measured by means of a micro oval flow meter that was located in the fuel line between fuel filter and injection pump of the tractor. Travel speed was measured by a Doppler radar unit located about midway on the left of the tractor. Two magnetic pickups near tractor engine and near crown wheel of the rear differential unit were used to measure engine speed, wheel speed, respectively. PTO torque was measured by a specially fabricated PTO shaft torque transducer that was located between the tractor PTO and the implement PTO input. Wheels torques was measured by a pair of specially made transducers that were mounted on each side of the rear wheel axles of the tractor. All specially fabricated transducers were calibrated at the start of each season. A command program was developed for the data acquisition system to scan and record transducers signal every second. The stored data in the memory card was down loaded into the computer at the end of the field tests. Tillage power, and energy data taken during the field test were then processed to determine the average and standard deviation of PTO torque, travel speed, rotor speed, tillage depth, fuel consumption, wheel torque, slip, soil moisture content and cone index. This paper the entire draught implements were tested at tillage depth of 10 to 12 cm and at travel speed of 3, 4, 5 and 6 km/h. The rotary tiller was operated at rotor speed of 140 rpm. The average values for PTO torque, travel speed, rotor speed, fuel consumption, wheel torque, slip were used in the statistical analysis. Analysis of covariance, variance, orthogonal regression and linear regression using SAS software package 6 were used to analyse and develop power and fuel models for rotary tiller. Significance of difference among means was determined using the Duncan's multiple range test. The level probability value was set at 0.05 for all comparisons
RESULTS AND DISCUSSIONS

Power model
Regression analysis using orthogonal techniques were performed on the power data for the rotary tiller, which showed significant effect of travel speed and rotor speed on power in the analysis of variance ( Table 2 ). Regression coefficients obtained from the proceeding analyses are presented in Table 3 . The result shows that the effects of bite length, bite length squared and travel speed on power for rotary tiller were highly significant (P<0.01) while bite lengthtravel speed interaction was significant (P<0.05). The following regression equation describes a rotary tiller power within tested range of bite length and travel speed at constant tillage depth of 10 cm:
where P is the power in kW/m, B is the bite length in cm, and S is travel speed in km/h. A three dimensional representation of regression equation 1 is illustrated in Figure 1 . This plot Many important parameters affect power of a rotary tiller including bite length, depth of cut, rotor speed, blade shape and soil type and conditions. Significant laboratory work in rotary tillers had been reviewed in a concisely series of papers by Hendrick and Gill 7-11 which include attempts at finding the optimum blade parameters as well as power required. However, information is lacking in ASAE Standard D497.3 12 regarding power requirements of a rotary tiller. Rotary tiller power versus bite at three rotor speeds is shown in Figure 2 . The increase in power was due to the increased bite length as a result of the increased travel speed. Similar trend was also observed by Chamen et al. 1 and Hendrick and Gill 9 . In general, the rotary tiller operation is largely dependent upon the rotor speed and the travel speed of the tractor. Also, rotor speed in The knowledge of these relationships may permit to optimise between work rate and energy required in order to maintain adequate seedbed quality. A high travel speed is desirable in order to maximise work rate, but the high rotor speeds, which would be necessary to maintain bite length and tillage affect at acceptable levels could consume disproportionate amount of energy.
Fuel consumption model
Regression analysis was performed on fuel consumption data of a rotary tiller, which showed a significant effect of PTO power on fuel consumption. Regression result for the rotary tiller exhibits a linear relationship between fuel consumption rate and PTO power with coefficient of determination equal to 0. (4) where FC is the fuel consumption in L/kWh, X is the ratio of equivalent PTO power required by operation divided by the maximum PTO power. The predictions of tractor's fuel consumption by this fuel consumption model is generally 15% higher than the reported magnitudes by the Nebraska Tractor Test to reflect losses of fuel efficiency during field operations.
A comparisons between the predicted output by fuel consumption model developed for Massey Ferguson 3060 tractor with a rotary tiller, the predicted output from ASAE Standard D497.3 and the actual magnitudes from OECD Standard Test No. 6102 of the tractor is illustrated in Table  4 . The formulate model was made for the rotary tiller at standard PTO speed of 540 rpm that is similar to operating PTO speed of the test tractor under the varying power and fuel consumption in the Nebraska Tractor Test. The fuel consumption rates predicted for the rotary tiller by ASAE Standard equation were 25% to 28% higher than the fuel consumption rates predicted by the fuel consumption model. Such discrepancies in magnitudes were expected since the ASAE Standard equation was developed for tractors of sizes 100 kW to more that are commonly used in USA as compared to tractors of sizes 30 kW to 60 kW that are more popular in Asia. Differences in tractor sizes and models lead to variations in fuel efficiencies and consequently produce different magnitudes of fuel consumption. Furthermore, ASAE Standard equation was made to give the predicted magnitude of fuel consumption of 15% higher than the actual magnitude for the tractor. The fuel consumption rates reported by the OECD Tractor Test were 1% to 9% lower than the fuel consumption predicted by the fuel consumption model. These small variations were due to field conditions losses and variability. Again, the predicted fuel consumption rates by model developed were within the acceptable reported fuel consumption range by OECD Tractor Test. 
Validation of models
The developed power and fuel consumption models for the rotary tiller were tested against additional field data for the purpose of the validation. This collected data was not included in the regression analysis. Result for regression between predicted and measured power indicates good power prediction for the rotary tiller with resultant slope of 0.9707 (i.e., closed to 1) and coefficient of determination equal to 0.9160 (Table 5) . Thus, regression result suggests that predicted power for the rotary tiller was 2.93% lower than the measured power magnitudes. Similarly, result for regression between predicted and measured fuel consumption shows good fuel consumption prediction for the rotary tiller with resultant slope of 1.0340 (i.e., closed to 1) and coefficient of determination equal to 0.8928 (Table 5 ). Thus, the regression result suggests that fuel consumption for the rotary tiller was 3.40% higher than measured fuel consumption magnitudes. Considering the field variability, the validation for draught and fuel consumption models for the rotary tiller was acceptable. Consequently, power and fuel consumption could be successfully predicted with respective models for the rotary tiller. 
Power and energy requirements
Summary power and energy for the rotary tiller as a powered draught implement in Serdang sandy clay loam soil obtained during 1999 and 2000 is presented in Table 6 . Eight parameters were measured or calculated to determine the power and energy requirements for the rotary tiller. The tillage depth of a rotary tiller was set constant at 10 cm through out test. Maximum PTO power with a rotary tiller was 29.89 kW at rotor speed of 200 rpm when operating at travel speed of 6.2 km/h, which coincidentally resulted with a bite length of 17.20 cm. The corresponding fuel consumption was 13.85 L/h, wheel power was 8.53 kW and specific energy was 37.97 kWh/ha. Minimum PTO power was 11.92 kW at rotor speed of 140 rpm when operating at travel speed of 3.3 km/h, which resulted with a bite length of 13.09 cm. The fuel consumption was 16.48 L/h, wheel power was 6.46 kW, and specific energy was 28.39 kWh/ha. Generally, power and energy requirements of a rotary tiller were affected by rotor speed and travel speed. The PTO power increased considerably with increase bite length, when travel speed was increased while maintaining the rotor speed. Similar trend was also observed for the wheel power but as for fuel consumption a reverse trend was obtained. Again, the PTO power and specific energy increased with a decrease in bite length when the rotor speed was increased while maintaining the travel speed. Small magnitude of wheel slip in the range of 3 to 4% and wheel power in the range of 6.46 to 8.53 kW were obtained for this rotary tilling operations. Rotor speed of 140 rpm and travel speed of 6.2 km/h combination exhibited minimum fuel consumption of 11.20 L/ha at effective bite length of 24.6 and specific energy of 29.69 kWh/ha. Hendrik and Gill 7-9 stated that low rotary speed and forward speed rotation are necessary to reduce draught and power requirement of rotary tillage tools. However, rotary speed that is too slow causes excessive variation in tillage depth because of the blade kinematics 13 . A faster rotor speed disturbs more soil than necessary and requires excessive power 9 . Hendrik 2 suggested a practical lower limit of the velocity ratio of peripheral velocity of blade tip to forward velocity of machine to be 2.5. Table 7 shows the comparison of power and energy requirements for both draught and powered implement. Mouldboard plough, disk plough and disk harrow are categorised as draught implement while a rotary tiller was categorised as powered implement. Four parameters were measured or calculated to quantify the power and energy requirement of the various implement.
The following comparisons of power and energy requirement between draught and powered implement could be conservative due to different fact that both implement types adopt different soil cutting techniques. The specific energy for draught and powered was calculated by Shinners et al. 14 as follows: (5) where SE is the specific energy in kWh/ha, P PTO is the PTO power in kW, µ PTO is the PTO power transmission efficiency, assumed to be 0.82, P DB is the drawbar power in kW, µ DB is the drawbar power transmission efficiency, assumed to be 0.49, s is the travel speed in km/h and W is the width in m.
The mean fuel consumption, wheel slip, wheel power and specific energy were significantly (P<0.05) affected by implement types. The mean fuel consumption of a mouldboard plough and a disk plough were 12% and 6%, respectively, higher than that of a rotary tiller. However, the fuel consumption of a disk harrow was 37% lower than that of a rotary tiller. Likewise, the average specific energy of a mouldboard plough and a disk plough were 50% and 44%, respectively, higher than of a rotary tiller. However, the specific energy of a disk harrow was 37% lower than that of rotary tiller. Similarly, Chamen et al. 1 reported that the specific energy for their rotary digger with rigid chisel tine behind on cereal crops was 50% less than the mouldboard plough operating at same tillage depth. According to them, the significant a increase in fuel consumption and specific energy for a rotary tiller over a disk harrow could be due excessive soil pulverisation by the rotary tiller within a single pass for seedbed preparation. Chamen et al. 15 encountered similar relative differences in specific energy during similar trails with PTO driven harrow on clay soil types. The mean wheel slip of a mouldboard plough, disk plough and disk harrow were 265%, 232% and 609%, respectively, higher than that of a rotary tiller. Also, the mean wheel power of a mouldboard plough, disk plough and disk harrow were 92%, 104% and 184% , respectively, higher than that of a rotary tiller. The results revealed that the rotary tiller was more energy efficient than the mouldboard plough and disk plough on the basis of fuel consumption and specific energy. As powered implement, the soil cutting power comes directly from tractor's PTO shaft with no losses due wheel slippage and tyre rolling resistance as compared to any draught implement. Consequently, the transmission power through tractor's PTO shaft for the powered implement is more efficient than the transmitting power through traction wheels for the draught implement. Zoz 16 , Taylor and Burt 17 , Hendrik 2 and Shinners et al. 14 estimated that overall average power transmission efficiency was 82% for a powered implement and 49% for a draught implement. However, the rotary tiller was less energy efficient than the disk harrow in terms fuel consumption and specific energy. The rotary tiller could produce a seedbed in only one pass; thereby reducing unwanted seedbed compaction and consequent energy losses. Few passes of disk harrow were required to obtain the equivalent quantity of seedbed produce by a rotary tiller. Furthermore, wheel slip and wheel power of positive draught implement were 3.5 to 7 times and 2 to 3 times, respectively, of that of powered implement. Reduced wheel slip and wheel power could reduce soil compaction and allow operation to be performed in more difficult traction conditions. Besides reducing soil compaction, the rotary tiller increase soil pulverisation and crop residue incorporation, thereby improving field productivity. Thus, a rotary tiller was not only energy efficient, but also more productive as compared to a mouldboard plough and a disk plough. The larger torque fluctuations were found to develop by rotor tiller at rotor speed of 250 rpm and travel speed of 3.3 km/h during field testing that caused a noise problem to Doppler radar on the tractor for accurate travel speed measurements. Wismer et al. 18 mentioned that forward thrust given by powered implement demand better control on the tractor steering and three point hitch to the tractor and could be harmful to the tractor's drive train. 3. The fuel consumption rates predicted by ASAE D497.3 were found to be 25% to 28% overestimated compared to the fuel consumption predicted by the models developed. However, fuel consumption rates reported by OECD Tractor Test were found to be 1% to 9% underestimated compared to fuel consumption rates predicted by models developed. 4. The validation test revealed that predicted power for the rotary tiller was 2.93% lower than the measured power magnitudes, while predicted fuel consumption rates were 3.4% higher than the measured fuel consumption magnitudes. Consequently, the implement power and fuel consumption could be successfully predicted by the models with good accuracy. 5. Rotor speed of 140 rpm and travel speed of 6.2 km/h combination in rotary tiller operation exhibited minimum fuel consumption of 11.20 L/ha at effective bite length of 24.6 and specific energy of 29.69 kWh/ha. 6. The mean fuel consumption of a mouldboard plough and disk plough were 12% and 6%, respectively, higher than that of a rotary tiller. However, the fuel consumption of a disk harrow was 37% lower than that of a rotary tiller. Similarly, mean specific energy of a mouldboard plough and a disk plough were 50% and 44%, respectively, higher than of a rotary tiller. However, the specific energy of a disk harrow was 37% lower than that of a rotary tiller. Consequently, the disk harrow was the most energy efficient implement in terms of fuel consumption and specific energy followed by the rotary tiller, disk plough and mouldboard.
CONCLUSIONS
